The purpose of this task was to determine if mixing was an issue for the entrainment and dispersion of the Modular Caustic Side Solvent Extraction (CSSX) Unit (MCU) solvent in the Defense Waste Processing Facility (DWPF) Strip Effluent Feed Tank (SEFT). The MCU strip effluent stream containing the Cs removed during salt processing will be transferred to the DWPF for immobilization in HLW glass. In lab-scale DWPF chemical process cell testing, mixing of the solvent in the dilute nitric acid solution proved problematic, and the Savannah River National Laboratory (SRNL) was requested to perform scaled SEFT mixing tests to evaluate whether the problem was symptomatic of the lab-scale set-up or of the solvent. The solvent levels tested were 228 and 235 ppm, which represented levels near the estimated DWPF solvent limit of 239 ppm in 0.001M HNO 3 solution. The 239 ppm limit was calculated by Norato in X-CLC-S-00141.
The general approach for the mixing investigation was to:
• Investigate the use of fluorescent dyes to aid in observing the mixing behavior. Evaluate and compare the physical properties of the fluorescent dyed MCU solvents to the baseline Oak Ridge CSSX solvent. Based on the data, use the dyed MCU solvent that best approximates the physical properties.
• Use approximately a 1/6 th linear scale of the SEFT to replicate the internal configuration for DWPF mixing.
• Determine agitator speed(s) for scaled testing based on the DWPF SEFT mixing speed.
• Perform mixing tests using the 1/6 th SEFT and determine any mixing issues (entrainment/dispersion, accumulation, adhesion) through visual observations and by pulling samples to assess uniformity.
The mixing tests used MCU solvent fabricated at SRNL blended with Risk Reactor DFSB-K43 fluorescent dye. This dyed SRNL MCU solvent had equivalent physical properties important to mixing as compared to the Oak Ridge baseline solvent, blended easily with the MCU solvent, and provided an excellent visual aid.
Testing involved agitator speeds of 230 revolutions per minute (RPM) and 422 RPM. The 230 RPM value was based on power per unit volume criteria, while the 422 RPM used tip speed criteria and were scaled using the DWPF SEFT operating speed of 67 RPM. In general, both speeds satisfied the objective of MCU solvent entrainment and dispersion. The agitator speed of 230 RPM scales from 37 to 67 RPM for the DWPF SEFT, which bounds the present operating speed of the DWPF SEFT. Although mixing speed provided sufficient dispersion, problems noted included adhesion of MCU solvent to tank internals, accumulation of MCU solvent in the sparger and pump cavities, and evidence of a slight floating layer of MCU solvent above 7845 gallons that stayed in the quaternary where the baffles are 106.45° apart. To avoid surface air entrainment, SRNL recommends the DWPF SEFT tank should have a lower operating tank level limit of 34.2 inches or 2410 gallons.
When the 422 RPM test is scaled using the P/V correlation, a DWPF SEFT operating speed of 125 RPM is obtained, which is outside the SEFT operating speed. Once again, dispersion was sufficient; however, aerosol generation was observed during the pump down portion of testing. The aerosols are likely the result of either air introduction via surface entrainment and dispersion via the impeller or the vapor pressure on the back side of the impeller being less than that of the fluid. If aerosol generation is a concern for DWPF operations, SRNL recommends additional testing be performed to determine the source of aerosol generation. 
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INTRODUCTION AND BACKGROUND
Laboratory scale mixing tests 1 performed at the Aiken County Technology Laboratory (ACTL) showed that the mechanical mixing (e.g. stir bar) used to entrain and disperse the Modular Caustic Side Solvent Extraction Unit (MCU) optimized solvent 2 in a 0.001M HNO 3 solution was not effective in producing a uniform dispersion of the solvent in the HNO 3 solution. Some of the solvent either agglomerated (after being dispersed) or was never entrained into the mixture and was observed to float on top of the mixture. During the laboratory scale tests, the MCU solvent also collected in the dip tube (for pumping out the contents), where the less dense solvent displaced the HNO 3 solution, over time. This suggested that internal components of the mixing system could accumulate the MCU solvent.
In the Defense Waste Process Facility (DWPF), the Strip Effluent Feed Tank (SEFT) will receive this waste stream from either the MCU or the Salt Waste Processing Facility (SWPF) from the Caustic Side Solvent Extraction (CSSX) process. The contents in the SEFT are mechanically agitated with a centrally located impeller system, rotating at 68 RPM. The impeller system consists of a 3-blade hydrofoil axial flow impeller located about 2/5 th of the way from the bottom to the top of the tank and a 4-blade flat blade radial flow impeller located near the bottom of the tank. Additional details of the SEFT are provided in Section 2.1.
It has been suggested that MCU solvent will not be dispersed throughout the SEFT and will also agglomerate in the transfer pump and air sparger, due to the difficulties observed in the laboratory scale mixing tests 1 . If lack of dispersion or agglomeration occurs in the SEFT, non-homogeneous feed concentrations of the MCU solvent will be fed to the Sludge Receipt and Adjustment Tank (SRAT). The current DWPF operating safety basis assumes that the organic solvent is uniformly dispersed when fed to the SRAT to maintain flammability controls.
DWPF issued a Technical Task Request
3 to the Savannah River National Laboratory (SRNL) to investigate the mixing behavior in the SEFT. The work performed in this task is covered by the Task Technical and Quality Assurance Plan written by Hansen 4 . The primary objective of this task was to investigate the degree to which a floating layer of MCU solvent can be entrained and dispersed in an aqueous phase of a 0.001M HNO 3 solution upon initiation of mechanical agitation, at various agitator speeds, and during pump down. In order to achieve this objective, the following tasks were completed and will be discussed in more detail in the following sections;
• Modify the existing 1/6 th scale SRAT mixing tank at ACTL for SEFT operations.
• Determine the upper and lower 1/6 th scale mixing speeds.
• Use MCU solvent fabricated at SRNL (without the BobCalixC6) for testing. Determine if visual dyes can be used with the MCU solvent without impacting the solvent physical properties.
• Perform baseline water runs to determine if there are any operational issues with water alone.
• Perform mixing tests at two different mixing speeds containing 228 ppm MCU solvent in 0.001M HNO 3 . Quantify mixing results at full tank conditions and report any mixing issues that could be related to full scale SEFT operations. 6, 7 at ACTL, was selected for modification. This same ratio was used for the SEFT internal components. The vessel was modified to the SEFT configuration by removing the existing coil assembly and fabricating/installing a single coil assembly, baffles, transfer pump, and sparger. The internal components of the 1/6 th SEFT were scaled linearly from the full scale SEFT. The layout of the SEFT is shown in Figure 2 -1 and the top section profile shows the tank broken into 4 different sections, where one quaternary having baffles 106.45° apart and the other quaternaries with baffles 90° or less apart. The dimensions and operation conditions from the reference drawing of the full scale SEFT and the dimensions for the actual 1/6 th SEFT are specified in The bolded items in Table 2 -1 are items that were not linearly scaled using the 6.21 ratio, and the potential impact from not being linearly scaled is provided in Table 2 -2. Information in Table 2 -2 also provides details on the number and size of the sparger holes and the transfer pump suction line. None of 6 the identified items seem to be show stoppers with respect to this mixing task. The cross-sectional openings of the sparger and transfer pump have the largest potential impact, but they are secondary objectives (sampling, holdup) in this task. Diameter is slightly smaller.
• Less flow impedance to bottom impeller discharge.
• Slightly more flow through coils for a given ∆P.
• Baffling is slightly less effective.
Pump -Priming Line
Outside 
Method Used to Determine Upper and Lower 1/6 th SEFT Mixing Speeds
As described in section 2.1, the 1/6 th SEFT is linearly geometrically similar to the full scale SEFT. Geometric similarity (fixed or distorted) is obtained from dimensional analysis and is typically a prerequisite for other types of similarities of interest, such as kinematic (all velocities in two different scales have a common constant ratio) and dynamic (relates to force ratios -Reynolds number, Froude number, etc.,) similarities 8, 9, 10, 11, 12 . Geometric similarity is also typically assumed when correlating actual data from bench or pilot scale testing, though not necessarily.
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After establishing the parameters above, the agitator speed was determined using equation [1] . In most conditions, testing is initially performed on the bench or pilot scale or both to verify the scalability prior to scaling to the full scale process. Scaling from bench/pilot results to the full scale process is known as scale-up. In this study, the reverse is occurring, where the pilot scale agitator speed will be determined from the full scale operating parameters, other-wise known as scale-down. The scale-up exponent in equation [1] is used for various conditions of mixing that are described in Table 2 -3. These conditions of mixing are derived from dimensional analyses or from physical testing. The scale-up parameters listed in Table 2 -3 are not all inclusive. Section 3.1 contains details about the parameters discussed in Table 2 -3 and calculations to support the mixing speeds and other calculated operating parameters. The P/V and tip speed parameters are typically used when dealing with the dispersions of two immiscible fluids.
Where: N i = Shaft rotational speed (RPM) D i = Impeller diameter (inches) i = scale (bench, pilot, production) n = scale-up exponent Test data from a log-log chart 6 were used to determine this exponent.
MCU Solvent and Dye Use
The MCU solvent used in this task was prepared by the Waste Processing Technology (WPT) section at SRNL. Of the four components used to make the MCU solvent, the BobCalixC6 was excluded due to cost and availability. The exclusion of BobCalixC6 is expected to have minimal impact on the physical properties important in this task, specifically to the surface and interfacial surface tensions. Two MCU 8 solvent batches were made and their batch composition is shown in Table 2-4 13 . The physical properties of the MCU solvent were compared to the baseline MCU solvent made and characterized by Oak Ridge National Laboratory (ORNL) 14 . The physical properties measured were density (MCU solvent, 0.001M HNO 3 solution), surface tension (MCU solvent, 0.001M HNO 3 solution), interfacial surface tension (between MCU and 0.001M HNO 3 solution), and viscosity. The chemical composition of the MCU solvents have been analyzed and documented by Adu-Wusu 13 . The physical and chemical measurements performed in this task will be discussed in more detail in sections 2.3.1 through 2.3.6. To assist in observing the mixing, powdered florescent dyes which are soluble in solvent based mediums, such as the MCU solvent, were selected and tested. The amount of dye added to each MCU solvent sample was approximately 0.31 wt% of the MCU solvent mass used. The dyed MCU solvents were processed through a 0.25 micron filter to remove any insoluble dye particles. The resulting filtered dyed MCU solvents' physical properties were measured and compared to the non-dyed MCU solvent used in this task. A dye was considered suitable if the dyed MCU solvent's physical properties were comparable to the un-dyed MCU solvent and the dye provided a good visual aid. The florescent dyes tested in this task were obtained from Risk Reactor 15 and are listed in Table 2 -5. The density was measured using a specific density cup (Figure 2-3) , which has a known volume 16 at a given temperature. The cup has a volume of 8.32 cm 3 at 25°C. The mass of the cup/cap are weighed first. Prior to performing the measurement, both the cup/cap and samples were placed in a convection oven at 25°C. A sample is then placed into the cup, almost completely filling the cup. The cap (tapered inside) is then placed on top of the cup and excess fluid is forced through a hole located in the center of the cap as the cap is pressed into the cup. The excess fluid is cleaned from the top of the cap and the cup/cap/sample weighed. The density of the sample is calculated using equation [2] . The sample is measured twice and the results averaged.
De-ionized (DI) water samples were analyzed at 25°C prior to proceeding with the solvent samples. Attempts were made to use the Anton Paar DMA 4500 density analyzer, which is typically used at ACTL to measure fluid densities. First the sample is loaded into a syringe and then injected into the capillary section of the instrument. The MCU solvent, for some reason could not be injected into the instrument, using this method.
Viscosity
The viscosity was measured using a Haake RS600 rheometer, which measures both the speed and torque of the spinning bob and converts this speed and torque into shear rate and shear stress respectively. The viscosity is then obtained using equation [3] . The measuring system used was a cone/plate configuration. The cone (truncated nose) is 60 mm in diameter with a 0.5 degree angle and is made of titanium. The cone and plate are first loaded onto the rheometer. The rheometer determines the zero position, which is the point at which the cone and plate make contact, and then moves the cone away from the plate. The sample is then loaded onto the plate and the cone goes to a predetermined position (based on the cone geometry) and the excess fluid is removed. Since the fluids in this task are Newtonian, a flow curve was not necessary. Instead, the cone was quickly 16 Volume quantified at 25°C per ANSI Z540-1, "Calibration Laboratories and Measuring and Test EquipmentGeneral Requirements-Replaces Mil-Std-45662". 10 accelerated to a shear rate of 2000 sec -1 and maintained at that shear rate for 30 seconds. The viscosity data, taken every second, was averaged between 5 to 25 seconds during this 30 second measurement. The sample was run twice and the average of the two runs reported. All measurements were obtained at 25°C.
Where: τ = calculated shear stress (Pa) γ = calculated shear rate (sec -1 ) µ = calculated viscosity (Pa·sec), 1 Pa·sec = 1000 centipoise (cP)
The rheometer was verified operational using the 60 mm, 0.5 degree cone/plate configuration and S3 Newtonian oil standard prior to making any of the measurements. DI water runs were also performed.
Surface Tension
The surface tension is that between a fluid and air. The surface tension was measured using two different methods.
The first method was the capillary rise in a narrow tube 17 , where the liquid will rise in a capillary tube until the gravitational force is exactly equal to the wetting force. A 0.5 mm inside diameter capillary with 10 cm of measurable height was used and installed onto a stand, vertically. A sample was then placed into a cup and the cup was raised, where the surface of the fluid in the cup is level with the zero reference point on the capillary. A priming bulb was then used to pull the sample into the capillary tube to the 10 cm mark, so as to wet the internals. After wetting was complete, the sample was pushed below the zero reference point and allowed to come to equilibrium as shown in Figure  2 -3. This equilibrium height was recorded and the procedure repeated at least two more times. The average height was calculated and used to determine the surface tension using equation [4] , which assumes it has a well-wetted hemispherical meniscus (the meniscus weight is neglected). Prior to making the surface tension measurements, the samples were maintained at 25°C in a convection oven. In between samples, the capillary was cleaned using very dilute soapy water, rinsed with DI water and dried using air from compressed air bottles. The second surface tension method used the Fisher Surface Tensiomat, Model 21 (Figure 2-3 ), which is a Du Nouy tensiometer. Much of the experimental procedure used was adapted from ASTM D1331 18 and ASTM D971 19 . A 100 ml glass beaker (diameter of 47.2 mm) was utilized. The glass beaker was rinsed with ethanol and pat dried with a handi-wipe, rinsed with tap water, and rinsed with DI water. This was followed by another ethanol rinse, removal of the excess ethanol using a handiwipe, and drying of the beaker with compressed bottle air. The platinum ring (diameter of ring = 5.93 cm and diameter of ring wire = 0.05 cm) was cleaned in the same manner as that of the beaker, but after the 2 nd ethanol rinse the ring was dried using compressed bottle air and then flamed (using a butane lighter). The ring was then inspected and cleaned of any soot present. The ring was then attached to the Tensiomat and the sample was placed into the beaker. The beaker was then raised until the ring was adequately submerged. The beaker was then slowly lowered and the maximum uncorrected surface tension (dyne/cm) required to pull the ring out of the solution was recorded. The measurement step was repeated a total of four times and the average uncorrected surface tension calculated. This data was then corrected 18, 19 for the actual surface tension using equation [5] . F is the correction factor for the wire and is calculated using equation [6] . Where: σ surface_ring = Surface tension or interfacial surface tension (dynes/cm) σ uncorrected_surface_ring = Uncorrected surface tension or uncorrected interfacial surface tension (dynes/cm) F = Correction factor (unitless) C = Circumference of the ring (cm) ρ L = Density of lighter fluid (g/mL) ρ H = Density of denser fluid (g/mL) r = Radius of wire of ring (cm) R = Radius of ring (cm) Prior to analyzing the samples, the unit was functionally checked using DI water at 25°C.
Interfacial Surface Tension
The interfacial surface tension between two fluids, MCU solvent and 0.001M HNO 3 solution, were measured using the Fisher Tensiomat. The same procedure described in section 2.3.3 was used in preparing the ring and beaker. For this measurement, the denser fluid was added to the beaker and the beaker was raised to completely immerse the ring below the denser fluid surface. The less dense fluid was then carefully added to the surface of the denser fluid, to prevent any mixing. The beaker was then lowered and the maximum uncorrected interfacial surface tension was recorded as the ring moved through the interface between the two fluids. Duplicate measurements were performed and the ring and beaker were cleaned between each measurement. The average uncorrected interfacial surface tension was calculated and used to calculate the interfacial surface tension using equations [5] and [6].
Solvent Concentration Using Cs-7SB (Modifier) Analysis
The Cs-7SB (modifier) in the MCU solvent was analyzed using high performance liquid chromatography (HPLC) by the Analytical Developmental Section (ADS) at SRNL. The method of analysis for the modifier was determined on a normal-phase cyano column using 96% hexane and 4% isopropanol as the mobile phase. The conditions for the Modifier analysis are summarized in Table  2 -6.
The quantity of Cs-7SB was reported in mg/L. The solvent concentration was then determined using equation [7] , where the masses of the solvent and Cs-7SB were obtained from Table 2 The Isopar ® L in the MCU solvent was analyzed by ADS using semi-volatile organic analysis (SVOA).
The quantity of Isopar Baseline water runs were performed at the two different agitator speeds using the 1/6 th SRAT mixing configuration to determine if any operational or mixing problems needed to be corrected for the 1/6 th SEFT. This was a purely visual test and provided guidance for the 1/6 th SEFT test.
2.5
Solvent Runs Using 1/6 th SEFT Two 1/6 th scale mixing tests were performed, targeting 228 ppm of MCU solvent in a 0.001M HNO 3 solution. The mixing tank was initially filled with DI water and a 50 wt% HNO 3 solution was added and mixed to make the 0.001M HNO 3 solution. The molarity of the HNO 3 solution was verified by measuring the pH and verifying the pH was between 2.9 to 3.1. After the agitator was started, approximately 228 ppm of MCU solvent was added to the surface of the agitated solution. During both mixing tests, samples were pulled starting 30 minutes after the MCU solvent was added to determine the tank homogeneity. The same sample locations were used for both mixing tests. Samples were pulled at 14 four axial positions for a fixed radial position while the tank was being agitated at the targeted mixing speed. The samples were pulled at 5, 10, 15 and 18 inches from the bottom of the tank using a different glass composite liquid waste sampler (Coliwasa) for each sample location. The contents in the Coliwasa were transferred to a glass bottle (cap with Teflon seals) and the mass transferred recorded. The sampling chamber of the Coliwasa was then washed two to three times using a 0.001M HNO 3 solution to remove any MCU solvent in the sampling chamber. The walls of the sample chamber were inspected using an ultraviolet flashlight to verify the washing was effective in removing the MCU solvent. The wash solutions were added to the glass bottle containing the sample. When washing was complete, the mass of the glass sample bottle was weighed. During pump down, the initial contents were collected from the scaled transfer pump. This sample was obtained to determine how fast the MCU solvent was building up in the transfer pump suction priming line. The pulled samples, as well as a sample of the MCU solvent were analyzed for modifier and Isopar ® L. After the samples were pulled, the pump down test started and continued until mixing was an issue or the minimum tank level had been reached. During these tests, an ultraviolet light was initially used, which provided a better means of visually recording the mixing. As the contents were pumped down, spot lighting was used.
The analytical results for the modifier and Isopar ® L for the tank samples were those of diluted samples (containing 0.001M HNO 3 wash solution to clean the MCU solvent from the Coliwasa). Once the results were calculated as ppm as described in sections 2.3.5 and 2.3.6, they were corrected to determine the actual ppm in the mixing tank using equation [8] . This calculation slightly overestimates the solvent concentration, since the mass of the original sample only contained the material that was initially transferred to the sample bottle. The very slight quantities (and not quantifiable) of material that were flushed with the wash water would have made the mass of the original sample slightly larger. The rate at which the MCU solvent was concentrating in the transfer pump suction priming line was determined using equations [9] and [10] . Note that these pump samples contained more sample that what is contained in the pump suction priming line. These samples were pulled using a peristaltic pump with the intended purpose of over-sampling. Due to this fact, equation [10] assumes that during the sampling, the excess sample has the same average concentration of the tank contents. Sampling biasing was not investigated in this task. Tank agitator speed (which results in local cross face velocity), MCU droplet size, and pump suction velocity (rate of sampling) all impact sample biasing. These same quantities also impact the Coliwasas used for tank sampling as described above. The solids suspension parameter (based on Zwietering correlation)in Table 2 -3 is not applicable to this application since the solids (in this case the optimized solvent) are lighter than the continuous phase and are not required to be suspended from the bottom of the tank. The other parameters stated in Table 2 -3 will be discussed in more detail below.
Circulation Time
The flow produced by an impeller is given by equation [11] . The flow number for geometrically similar impellers/processes is the same for a given Reynolds number. For turbulent flow (Re > 10,000), the flow number is essentially constant. The recirculation time is the tank volume divided by the flow produced by the impeller, equation [12] . For geometrically similar mixing vessels, equation [12] reduces to the function shown in Table 2 -3. For calculation purposes, the flow number is assumed to be 3.72 (from footnote 10, pg. 206, equation 59c) for a 4 flat blade impeller with baffles, turbulent flow (Re > 10,000), 4 baffles that are 0.1 of the tank diameter, flat bottom tank, and the turbine located with equal amount of fluid above and below the impeller. In reality, the actual flow number would be smaller than this due to the physical location 8 of the impellers and flow impedances of the SEFT internals. The calculation to determine the circulation time (at 9,600 gallons = 36.34 m 3 ) is provided for the full scale SEFT and the calculation of the agitator speed for the 1/6 th SEFT. When the recirculation times are the same, the agitator speeds are also the same on the two scales. The other parameters in Table 2 -3 have been calculated for the recirculation time and the results are summarized in Table 3-1. 17
Froude Number
The Froude number is the function shown in Table 2 
The other parameters in Table 2 -3 have been calculated for the Froude number and the results are summarized in Table 3 -1.
Power/Volume
The power produced by an impeller is given by equation [17] , if the flow is turbulent. The power number for geometrically similar impellers/processes in turbulent flow (Re > 10,000) conditions is constant. The power per unit volume is the power divided by the tank volume and is shown in equation [18] . The power per unit volume is valid when the objective is to achieve equal interfacial area per unit volume in a liquid-liquid mixture on two different scales. Power per unit volume is also the basis for interfacial mass transfer/droplet size conditions and has been commonly used for reproducing dispersion qualities 8, 9, 11, 21, 22 . Etchels 22 and Skelland 23 state that the use of this criterion is likely to be conservative if only dispersion homogeneity is desired. The scale-up exponent used by Ekato 6 to size the agitators used in DWPF was determined to be 0.6386, which is very close to the power/volume exponent and would have yielded a slightly lower agitator speed. Hence, no calculation was performed for the Ekato correlation. Vol. 17, No.1, pg. 56-61, 1978 18
For geometrically similar mixing vessels, equation [17] reduces to the function shown in Table 2 -3. For calculation purposes, the power number is assumed to be 5.75 (from footnote 8, pg. 66, Table 3 -2) for the bottom flat blade impeller. The contribution of the hydrofoil is at most 10% of that of the bottom blade under full tank conditions and will be ignored in these calculations. As with the flow number, the power number is an over-estimate of the actual power number. Corrections, such as free flow, impeller location, and liquid above the impeller, all impact the power number by reducing its value. A calculation to determine the power per unit volume (at 9,600 gallons) is provided for the full scale SEFT and the calculation of the agitator speed for the 1/6 th SEFT.
( ) 
The other parameters in Table 2 -3 have been calculated for the power per unit volume and the results are summarized in Table 3 -1.
Tip Speed
The tip speed is the product of the impeller diameter and shaft speed (function shown in 
The other parameters in Table 2 -3 have been calculated for the tip speed and the results are summarized in Table 3 -1.
Minimum Impeller Speed for Liquid-Liquid Dispersion in Baffled Vessels
A correlation to determine the minimum agitator speed required for liquid-liquid dispersion in baffled vessels is provided by Skelland 23 and is shown as equation [23] . Skelland's definition of minimum mixing speed was that of a well mixed or completely dispersed state where only a small relatively nonstationary, liquid pockets, remained unmixed in the bulk dispersion. In this study, two immiscible liquids in equal volumetric proportions were used. For geometrically similar mixing vessels and constant physical properties, equation [23] reduces to the function shown in Table 2 -3. The rotational speed for the 1/6 th scale SEFT is calculated below.
( )
The other parameters in Table 2 -3 have been calculated for the condition of minimum impeller speed for liquid-liquid dispersion in baffled vessels and the results are summarized in Table 3 -1.
Weber Number
The Weber number for mixing applications is shown in Table 2 -3. The Weber number is the inertial force divided by the surface tension force and is used in bubble/drop formation. The application of using the Weber number by itself for scaling in mixing is limited and is expected to yield a non-conservative mixing condition when scaling-up for dispersion. The Weber number for the full scale SEFT and the agitator speed for the 1/6 th SEFT are calculated below. The interfacial surface tension between the optimized solvent and 0.001M nitric acid solution is approximately 15 dynes/cm. 
The other parameters in Table 2 -3 have been calculated for the Weber number condition and the results are summarized in Table 3 -1.
Reynolds Number
The Reynolds number is the function shown in Table 2 -3. The Reynolds number is the inertial force divided by the viscous force. The application of the Reynolds number has little practical use in scale-up and has been shown to be very non-conservative. The Reynolds number for the full scale SEFT and the agitator speed for the 1/6 th SEFT are calculated below. The Reynolds number does provide the condition of flow (laminar, transitional, or turbulent). 
The other parameters in Table 2 -3 have been calculated for the Reynolds number and the results are summarized in Table 3 -1.
Summary of Mixing Speeds
The results, using the different scaling parameters, are shown in Table 3 -1. Maintaining the same circulation time results in the same agitator speed, but the power requirements are not adequate for dispersion. The Weber and Reynolds number correlations yield unreasonable power requirements for the 1/6 th scaled system, where the Reynolds number power requirements are larger than that of the full scale tank. The Froude number was provided as information only, since vortex formation is not expected and, if present, the basic Froude number may not be applicable to this application.
The two sizing parameters, which are typically used for liquid-liquid dispersions, are the power per unit volume and tip speed parameters. The power requirements from these sizing parameters are reasonable at the 1/6 th scale. Additionally, the actual agitators were sized by Ekato, where the resulting scale-up exponent is very close to that of the power per unit volume. Use of the Ekato scale-up exponent would have yielded a rotational speed slightly less than that of the power per unit volume. The circulation times for the 1/6 th scale SEFT are between 4 to 6 times faster than that of the full scale SEFT using the P/V and tip speed scaling parameters. The correlation used to determine the minimum agitator speed for liquid to liquid dispersion of a baffled tank is very similar to that of the tip speed correlation, but yielding a slightly higher rotational speed and about twice the power consumption. The bolded items in Table 3 -1 are the results for the P/V and tip speed parameters. Note that the reverse in agitator speed determinations would occur when sizing from a pilot scale to a full scale process. The Reynolds number would yield the lowest agitator speed and the circulation time would yield the greatest speed.
Results: MCU Solvent and Dyed MCU Solvent
The MCU solvent made by WPT and dyed MCU solvents were physically analyzed by the Stabilization Science Research Group and chemically analyzed by ADS 13 . The chemical analyses 13 of the MCU solvents were within +10% for Cs-7SB and Isopar ® L and +13% for trioctyl-amine of the batched chemicals and are considered chemically acceptable MCU solvents.
The K43 and CO florescent dyes were soluble in the MCU solvent. The C7 (red dye) was not soluble in the MCU solvent. The characterized physical properties of the MCU solvent and dyed MCU solvents are shown in Table 3 -2. Table 3 -2 also contains the physical data of the Oak Ridge CSSX optimized 14 solvent in the columns labeled Oak Ridge. The data shows that the MCU solvents made by WTP are physically very similar to that of the Oak Ridge CSSX optimized solvent. The largest difference was the surface tension of the 0.001M HNO 3 solution (6.32 x 10 -5 grams of HNO 3 per gram of H 2 O), where Oak Ridge measured 36.4 dynes/cm and SRNL measured 69 dynes/cm using two different methods. The physical properties (including interfacial surface tension) of the SRNL solvents (including dyed solvents) are within 10% of the Oak Ridge solvent and are considered acceptable for this mixing task. The slightly higher interfacial surface tension of the SRNL solvents will lead to slightly larger droplets in a mechanically agitated mixing vessel. The bolded MCU solvent in Table 3 -2 was selected for use in the mixing test since the dye also provided a color that was visible with the naked eye. n/m = not measured, * Viscosity of water at 25ºC from NIST
Water Mixing Tests on 1/6 th SRAT Results
Water mixing tests using the 1/6 th SRAT were performed at 230 RPM and 422 RPM and snap shots of various levels of mixing are shown in Figure 3 -1. At 230 RPM, air entrainment was obvious only at the lowest tank level and the air that was entrained yielded large bubbles. At 422 RPM, air entrainment was obvious for much of the mixing, other than when the liquid level cleared the top of the coil assembly. At the lowest mixing level at 422 RPM, the generated bubbles were much smaller than the bubbles generated at 230 RPM. During this phase of testing, there was indication of aerosol generation.
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Based on these water runs and the fact that the SEFT has more baffling than the SRAT, the issue of air entrainment at 422 RPM was deemed not an issue and the mixing speeds of 230 RPM and 422 RPM were pursued for the 1/6 th SEFT. Two tests were performed using dyed MCU solvent. The first one occurred at 230 RPM and the second one at 422 RPM.
230 RPM MCU Solvent Mixing Testing
In the 230 RPM test, 151,381 grams of DI water were added to the tank and then 13.718 grams of 69.7 wt% HNO 3 solution were added to the agitated tank, resulting in a solution of 0.001M HNO 3 having a measured pH of 2.99. The dyed MCU solvent, 34.582 grams, was then added to the top of the tank and allowed to mix for 30 minutes prior to sampling. Mixing occurred at room temperature, which was approximately 22°C. During the 30 minutes of agitation, large droplets of MCU solvent were observed to be pulled (entrained) from the top surface (via vortices/eddies) down through the top impeller, and the droplets dispersed into smaller droplets by the bottom flat blade impeller and/or by making physical contact with the internals. It was very evident that MCU solvent was being dispersed because the color of the solution become darker and darker, indicating, as the mixing progressed, more and more solvent was being dispersed. This can be observed in Figure 3 -2. Table 3 -3. The quantity of solvent added to the system was 34.58 grams and the amount accounted for in the average tank sample using the modifier results is 26.58 grams. The difference is most likely due to the holdup of MCU solvent in the pump and sparger ring, MCU solvent adhering to the exposed surface of the tank internals, MCU solvent floating on the surface, and sampling location and technique. The MCU solvent floating on top of the surface stayed in the quaternary where the baffles were 106.45° apart, where portions of the surface were continuously entrained (via droplets), and droplets seemed to agglomerate in the area of the floating solvent. The 30 minutes of mixing may not have been adequate in obtaining a steady state condition.
The pump sample was pulled 48 minutes into the mixing test. Table 3 -3 contains the concentration and the buildup rate of MCU solvent in the pump. The concentration in this sample was greater than the concentration for any given tanks sample, using the modifier results. The rate at which the MCU solvent accumulated in the pump suction line was 12.7 ppm/min. ppm/min n/a 12.7 n/c n/a = not applicable, n/c = not calculated During the pump down test, the tank contents were removed via the installed scaled pump connection using a peristaltic pump. Key pump down conditions are shown in Figure 3 -3. The first significant point was the complete entrainment of the MCU solvent, which occurred at a tank volume of 32.8 gallons (approximately 17.9 inches of liquid level). The next point was when the surface approached the top of the cooling coil assembly, which showed no mixing problems were encountered. As the surface went through the upper impeller, some bubbles were generated, but they were not stable and did not plate out on to exposed surfaces. At 10.1 gallons (5.5 inches of liquid level), the initial signs of air entrainment were observed, but the bubbles were not stable. When the contents were pumped down to 9.11 gallons (five inches of liquid level), air was being activity entrained, resulting in the generation of bubbles and is shown in Figure 3 -3. As the contents of the tank were pumped down past this point, larger quantities of air were entrained. The entrained air seemed to strip the MCU solvent out of solution and plate out the MCU solvent onto the exposed surfaces at this level. The surface tension of the MCU solvent, which is much less than that of the 0.001M HNO 3 solution, could be the reason why solvent is stripped from the solution via aeration. The depletion of the solvent in the solution can be seen in the last three pictures shown in Figure 3 -3, as the contents are pumped down and entraining air, there is clear evidence of a green film/foam (MCU solvent) gathering on the sides of the tank. These bubbles were not stable, in the sense that there was never a stable foam layer.
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Revision 0 After the pump down test was completed, the contents of the tank were emptied and pictures of the internals taken. The pictures in Figure 3 -4 clearly show the MCU solvent adhering to the surfaces. The tank wall pictures show that the MCU solvent collected between the 106.45° baffle, where the top layer is that at full tank conditions and the lower layer is from air entrainment during mixing at the lower tank 27 levels. The picture also shows that the sparger system will accumulate MCU solvent. The sparger was blown down with air prior to taking these pictures. Note the defined MCU solvent layer on the pump. This layer is due to the air entrained during mixing at the lower tank levels and is consistent in height with the layer on the side of the tank walls. The wetted parts of the tank and internal components were cleaned using a soapy rung out rag and inspected using the UV light immediately after the visual inspection was completed.
DWPF SEFT Minimum Tank Volume
During the 230 RPM, 1/6 th SEFT testing, air started to be entrained around 10.1 gallons or 5.5 inches of liquid level. Per personal communications with Dr. Art Etchels, DuPont Mixing Consultant, given the geometric similarity used in this task, linear scaling for the onset of air entrainment in the DWPF SEFT from the 1/6 th SEFT is appropriate. Hence, the minimum tank level would be 34.2 inches or approximately 2400 gallons.
422 RPM MCU Solvent Mixing Testing
In the 422 RPM test, 151,382 grams of DI water were added to the tank and then 13.718 grams of 69.7 wt% HNO 3 solution were added to the agitated tank, resulting in a solution of 0.001M HNO 3 having a measured pH of 2.94. Mixing occurred at room temperature, which was approximately 22°C. Prior to starting this test, the agitator was run at 87 RPM when the solvent was added to see what would happen if the mixing times on both scales were approximately the same. This was the lowest speed achievable by the variable speed drive unit, not 67 RPM, which would have been equal mixing times. During this part of the test, 35.59 gram of dyed MCU solvent was added to the top of the tank. No solvent entrainment occurred, which was expected since the flow patterns in the tank did not generate the vortices necessary for entraining the MCU solvent. This can be seen in the first snap shot in Figure 3 -5.
The agitator speed was then set to 422 RPM and started. Almost immediately, the solvent was entrained and dispersed throughout the mixing tank, and the results after one minute of mixing can be seen in Figure 3 -5. The MCU solvent droplets in this test were visually much smaller and numerous as compared to the 230 RPM test. The contents were then allowed to mix for 30 minutes prior to sampling. After 30 minutes of agitation, the contents seemed to be slightly greener in color as compared to the one minute of mixing as seen in Figure 3 -5. There is no explanation for this slight color difference. No air entrainment was evident during this time of mixing. Some sight buildup of solvent was seen on the side of the tank, on the wall between the 106.45° baffles.
The samples that were pulled after 30 minutes of mixing were analyzed for the modifier (Cs-7SB) and Isopar ® L. Once again, of the two methods used to analyze for MCU solvent concentration, the modifier results were more consistent with the visual observations and were those used to determine the state of mixing. These results were then used to calculate the ppm of solvent in the mixing tank and the results are shown in Table 3 -4. The quantity of solvent added to the system was 35.59 grams and the amount recovered using the modifier results was 37.91 grams. The difference is most likely due to the sampling location and technique, since the quantity of material added to the tank is less than what was calculated.
The pump sample was pulled 45 minutes into the mixing test. Table 3 -4 contains the concentration of the solvent in the pump sample, which was less than that of the tank average. Due to this fact, the buildup rate cannot be determined. Note that because of the very high fluid velocities near the pump suction and small MCU droplets sizes as compared to the 230 RPM test, the inlet into the pump may not be as preferential in entraining droplets relative to the process condition. Buildup rate of MCU solvent in pump ppm/min n/a n/c n/c n/a = not applicable, n/c = not calculated 29 During the pump down test, the tank contents were removed via the installed scaled pump piping using a peristaltic pump. Key pump down conditions are shown in Figure 3 -6 and Figure 3-7. In Figure 3 -6, it becomes obvious that at T = 68 minutes, some aeration was occurring, since the solution is slightly less green in color when compared to T = 60 minutes. As the contents are continuously pumped down, more and more air is being entrained. At around T = 79 minutes, aerosol generation was visually observed via the optical lamp used to light up the tank. After T = 86 minutes, the quantity of air entrained had turned the solution whitish. At T = 100 minutes, the mixing task was stopped due to high (not quantified) aerosol generation rate that was impacting personnel safety. Approximately two to three minutes after the mixing had stopped, the surface was recorded and small micro bubbles were observed popping at the surface as shown in Figure 3 -7. The tank volume at this condition was 28.2 gallons and the level in the tank was above the top impeller. The mixing performance below this level is unknown, due to the generation of the aerosols.
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Methods of Aerosol Generation at 422 RPM
The aerosol particles (bubbles) that were generated can potentially come from two different sources. One is from the free turbulent surface. The other is from cavitation in the low pressure region of the impeller.
Air is entrained from the turbulent surface (Figure 3-8) of the agitated vessel, where vortices trap the air and draw it into the high shear mixing zone of the bottom impeller. The air is then sheared with the solution, creating micro bubbles in the trailing vortices leaving the impeller. The MCU solvent seems to prefer the interface between the 0.001M HNO 3 solution and air since testing with only water at 422 and 600 RPM did not generate aerosols. A portion of these bubbles pop at the surface, which generates the aerosols. During the water runs performed using the SRAT internals, there was never any indication of aerosol generation at 422 RPM and at tests performed at 600 RPM. The 600 RPM tests are not documented in this report, since the intent was to observe mixing based on 230 and 422 RPM. During pump down, there were no observed vortices as shown in Figure 3 -8. Unstable vortices, which are quickly generated and collapsed due to the very turbulent surface motion, could be considered a source. A transparent mixing tank would be required to observe surface entrainment.
On the back side of a rotating flat blade impeller, there is a low pressure zone. If this pressure is lower than the vapor pressure of the fluid (either the 0.001M HNO 3 solution or MCU solvent 24 ), the gas formed by cavitation is vaporized liquid (e.g. water vapor or solvent vapor) generated on the back side of the rotating impeller blades. This gas can then be entrained into the trailing vortices of the impeller, creating the micro bubbles. As the tank level is lowered, the amount of head available decreases, which further reduces the pressure in the low pressure zone. The pressure on the back of the impeller is a function of impeller tip speed, fluid density, and tank level. Given the same tip speeds in the DWPF and 1/6 th SEFT, the tank level at which micro bubbles are generated would be the same in both tanks. Note that the tip speed of the DWPF SEFT is the same as that of the 422 RPM 1/6 th SEFT. The initial level of air entrainment was observed at 36.5 gallons or 20 inches of tank level. Comparing this to the recommended 32 minimum tank level of 34.2 inches, this micro bubble generation should not occur in the DWPF SEFT. SRNL will pursue a calculation to support this assessment.
Figure 3-8 Air Entraining Vortices
Temperature Effects
The droplet size, given the physical dimensions of the agitator, impeller power number and agitator speed, is proportional 8, 11, 22 to the interfacial surface tension to the 0.6 power. The tests performed on the 1/6 th scale SEFT were performed at room temperature (22°C). The present maximum temperature for SEFT operations is 45°C. The surface tension typically decreases as the temperature increase, which results in a smaller droplet size. Droplet size could be a factor in generating bubbles that result in generating aerosol particles.
Vapor pressure is another temperature dependent property. Vapor pressures increase more or less logarithmically with temperature. Higher temperatures will promote cavitation in the impellers at lower speeds. Vapor pressure data already exists for both the MCU solvent 24 and water. Vapor pressure data for the 0.001M HNO 3 solution will have to be measured, calculated or obtained from literature.
Scale-up
Scaling is typically performed on a bench/pilot scale to full scale. Applying this method to the test results, and using tip speed and power per unit correlations, the agitator speeds required for the full scale SEFT to have the same type of mixing are shown in Table 3 -5. For instance, if one were to size the 422 RPM test results using power/volume (P/V), the resulting full scale SEFT agitator speed would be 125 RPM. If aerosol generation were solely dependent on P/V, then this would indicate that aerosols cannot be generated at the full scale, since the actual agitator speed is 68 RPM. As discussed in Section 3.1.5, liquid-liquid dispersion is also a method used for mixing immiscible fluids and the results are also shown in Table 3 -5. These results indicate that a lower agitator speed would be required for good mixing of immiscible fluids.
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Of the two different mixing speeds used, and based on the original sizing of the DWPF agitators, the P/V relationship, or 230 RPM test results would be more realistic of the mixing that would occur in the DWPF SEFT. The type of mixing occurring at 422 RPM was more than adequate to entrain/disperse the MCU solvent. 
